It has been considered that a great deal of factors are concerned with pathogenesis.
Aging is intimately involved with atherogenesis. There are many theories of aging mechanism, one of which is free radical theory. Auto-oxidation of fatty acid proceeds by a free-radical mechanism with formation of peroxides.
X-ray irradiation, that is known to shorten lifespan, accelerates the peroxidation.
Tocopherol, ascorbic acid and glutathione are the most important antioxidants.
Many enzymes of various types, e.g. SH-enzymes, have been found to be inhibited by fatty acid peroxides.
Fatty acid peroxides were found in atherosclerotic human aorta by Glavind. We, also, extracted peroxides from experimental atheroma.
It has been generally agreed that the metabolism of aorta is impaired in the initial stage of atherosclerosis.
It may be inferred that the presence of peroxides in the aorta causes a decrease in respiration of aorta by the inhibition of oxidative enzymes. Investigation in our laboratory revealed that respiration of aorta from rats fed with peroxides is lowered. From the above findings, we assumed that the peroxides play an important role in the initial stage of atherogenesis. fats and fatty acids may be either beneficial and highly desirable or deleterious and undesirable, depending on the condition and circumstance under which it occurs. Light, heat, oxygen, moisture, copper, iron, nickel and manganese are prooxidants, which increase the rate of oxidation by atomospheric oxygen. Moureu20) first employed the term antioxygen to define those substances which prevent the oxidation of unsaturated triglycerides until they themselves have been destroyed. It has been postulated that the effectiveness of the antioxidants, as they are now called, lies in their ability to break the chain reaction involved in autoxidation. Antioxidants are phenols, quinones, tocopherols, propyl gallate, gallic acid, ascorbic acid and compounds related to vitamin K. Alpha tocopherol is most effective as an antisterility agent while beta and gamma tocopherol excel as antioxidant. Mitochondria contains both lipid which consists mainly of unsaturated fatty acids by acting as antioxidant. Tappel and Zalkin21) reported that isolated mitochondria deteriorates as it loses enzymatic activity by lipid peroxidation. In addition, they22) reported that tocopherol was effective in inhibiting lipid peroxidation. Golumic and Mattil23) have found that ascorbic acid by itself is a relatively ineffective antioxidant in animal fats, although it does have a synergistic action with tocopherol, hydroquinone and similar products. The poor solubility of ascorbic acid in fat has been overcome by the use of fat-soluble esters such as ascorbyl palmitate. Although these esters are relatively inactive in animal fats, they are especially satisfactory in vegetable fats, and they give a synergistic effect on the phospholipids and tocopherol.
BIOLOGICAL ACTION OF PEROXIDES
As biological effects of peroxides, following are reported;1) inhibition of respiration and glycolysis in ascites tumor metabolism,24) 2) inhibition of certain oxidative enzymes in rat liver mitochondria,21) 3) decrease in viscosity of desoxyribonucleoprotein,26) 4) inhibition of cell division,27) 5) inhibition of activity of the Rous sarcoma virus,28) 6) inhibition of growth of rats ,29) 7) pigmentation,30) and 8) effect to protein.10)
RADIATION AND PEROXIDES
When doses of radiation are used, there occur oxidation of double bonds, rupture of rings of aromatic compounds and reactions leading to the complete destruction of the molecule. In some cases very interesting polymerizations, which might be of biological importance, take place. Recent investigations have focused attention on organic peroxides as possible vital intermediates in the production of biological radiation damage. Relationships of peroxides and radiation have been observed in several investigations, such as the followings: 1) peroxides are formed in irradiated animals, 2) some of the toxic effects of injected peroxides are closely simulated with radiation effects in many respects,31) 3) injection of lipoxidase causes certain radiomimetic effects. It is therefore conceivable that X-ray stimulates the production of the peroxides from unsaturated fatty acids at vital site in the cell. It has been reported that relatively small doses of radiation e.g. 500r, cause formation of peroxides from linoleic acid.32) Two lines of investigation have indicated that oxidation reactions are of significance during initial phase of radiation damage. One concerns radical production in aqueous media exposed to ionizing radiation, and the other is the study on chemical production both in vitro and vivo. Various biological compounds are oxidized by the action of radicals produced by radiation. The radiochemical products of these oxidation is increased by presense of heavy metals and oxygen, indicating that metalcatalysed oxidations may be important in radiation effect. The studies on chemical protection have indicated that one of the mechanisms might involve the inhibition of the oxidation reactions due to free radical activity.33)
RADIATION AND -SH ENZYMES
A large number of enzymes essential to the metabolism of proteins , fatty acids, and carbohydrates and to the formation of high energy bond require the presence of sulfhydril groups for enzymatic activity. It is reasonably assumed that ionizing radiation inhibits the activity of oxidative enzymes in the oxidation-reduction systems of biological importances. There are a number of examples which support this contention. -SH compounds are sluggish oxidation-reduction systems, which are not oxidized by atomospheric oxygen but easily oxidized by catalytic amounts of some heavy metals or some enzyme systems. They are also oxidized by ionizing radiation . In fact, -SH compounds seem to be most sensitive systems of all those which have been studied. The great importance of this oxidation is the result of the role of -SH groups in cellular division and in cell metabolism .
Bernheim, Wilbur and Kenaston have shown that fatty acid peroxides inhibit some oxidative enzymes,34) and Fondarai35) found that ethyl oleate peroxide was capable of oxidizing -SH group of proteins to -S-S-and further oxidation products. These facts are explained by following four experiments with urease and other -SH enzymes;36) 1) -SH enzymes are, in general, much more sensitive to peroxides than non -SH enzymes are, 2) at least part of the activity of inactivated urease is recovered after the addition Vol. 6 No. 2 of cystein, 3) -SH compounds e.g. cystein and glutathione are excellent protectors for enzymes, and 4) a good protection against peroxide inhibition may be obtained by blocking the -SH groups. The true mechanism of inhibitory effect of peroxides of fatty acids upon oxidative enzymes in vivo is not easily clarified, but it is possibly of considerable importance in metabolic control. The oxidation of fatty acids to peroxides can be powerfully catalyzed by iron compounds such as haemin even in very low concentration. These peroxides then may slow down metabolic processes by inhibition of vital -SH enzymes.
Since the oxidation of the -SH group is reversible, the oxidized R-S-S-R group is then converted into the active R-SH-SH-R group by the addition of -SH compounds. This is observed in the experiment with radiation on adenosinetriphosphatase.37) Furthermore, there is in some living cells an enzyme, glutathione reductase, which reduces one of these -SH compounds (glutathione) to bring back to its active state.38) The practical application was reported by Patt et al.,39) who protected rats against lethal doses of X-ray radiation by previous injection of cystein or glutathione.
ARTERIOSCLEROSIS AND PEROXIDES
The first study of the respiratory metabolism of arterial tissue has been performed by Lazovskaya40) in Leningrad in 1943 and by Briggs and his associates41) at the University of California in 1949. In both of these investigations aortic tissue from rats was used. Lazovskaya reported a decrease of oxygen uptake with the advancement of age, but Briggs and his associates Fig. 1 . Cytochrome oxydase activity of thoracic aorta. Activity expressed as oxygen consumed 1 hr./100 mg. of initial weight.
Peroxide group: Rats fed 1.0 ml. of oxidized fat for 3 months. Control group:
Rats fed 1.0 ml. of unoxidized fat for 3 months. Normal group:
Rats fed on a standard diet.
found same oxygen uptake for young and old arterial tissue in their experiment. Atherosclerotic experiment of rat by cholesterol feeding showed the decrease of oxygen uptake of aortic tissue in 4 weeks of cholesterol feeding.42) Then, arteriosclerotic or aging aortic wall from man have been assayed for enzyme activity, and deficiencies in the following enzymes have been revealed; glyoxalase,43) succinic oxidase,44) cytochrome oxidase,45) adenylpyrophosphatase,45) fumarase,46) adenosinetriphosphatase,47) and phenolsulfatase.48) Of these enzymes, the activity of glyoxalase, succinic oxidase and cytochrome oxidase is reported to be inhibited by peroxides experimentally.49) In our experiment cytochrome oxidase is markedly inhibited by peroxides but reduction of succinic dehydrogenase activity was not significant (Fig. 1, Fig. 2) . Glavind et al. observed a correlation between the degree of atherosclerotic disease and the peroxide content in the lipid extracted from the aorta. We, also, extracted peroxides from experimental atheroma of rabbits by cholesterol feeding. In addition to this, we detected peroxides in the early stage of cholesterol feeding when atheroma was not observed grossly (Fig. 3, Fig. 4 ). It may be inferred that the presence of peroxides in the aorta causes a decrease in respiration by inhibition of oxidative enzymes. Investigations in our laboratory revealed that respiration of aorta from rats fed with peroxides is lower than the control (Fig. 5) . Moreover, peroxides added in vitro decreased the oxygen consumption of aortic tissue in our experiment (Fig. 6 ). Normal group: Activity of normal aorta. Control group:
Activity with unoxidized fat. Peroxide group: Activity with oxidized fat. Each activity is expressed as % activity to that of the normal. Recent investigations on the morphogenesis of atherosclerosis show that several changes occur in the intima as its lesions before the appearance of sudanophilic substances. These changes include edematous thickening of the intima, accumulation of metachromatic mucoid substances and fragmentation of the elastic fibers.51), 52) The deposition of lipids occurs mainly in those areas of the intima which are rich in metachromatic substances. Structural changes of degeneration and fragmentation of the internal elastic lamina which are accompanied with aging and lead to the development of arteriosclerosis appear to be accentuated by electron radiation.53) The elastic fiber may be degenerated with the action of peroxides produced by radiation.
RELATIONSHIP BETWEEN RADIATION, AGING AND ARTERIOSCLEROSIS
It was proposed that the internal structure and configuration of the elastic macromolecular protein comprising the internal lamina were disturbed with radiation, possibly by breaking of linkages responsible for the elastic qualities. Peroxides must be concerned in this alteration.
We succeeded in making atheroma experimentally in the aortic intima by radiating the entire body of rabbit with X-ray. At the same time peroxides in the aortic tissue was proved to be increased by TBA method (Fig. 7, Fig. 8 ). And tocopherol in the aortic tissue from the rabbits irradiated by X-ray is decreased (Fig. 9) . Harold Gold54) presented a report on his experiment Rabbits fed on a standard diet. X-ray:
Rabbits fed on a standard diet and irradiated with Xrays. Cholesterol:
Rabbits fed 2 Gm. of cholesterol for 3 months. Chole-X-ray:
Rabbits fed 2 Gm. of cholesterol for 3 months and irradiated with X-rays. X-irradiation: 600 r (200 kvp, 20 mA, added filtration 1 mm Cu and 0.5 mm Al, target distance 80, rate 13 r/min.) three times at 3-week interval from the 45th day of the experimental period. It is universally acknowledged that mucopolysaccharides tend to accumulate in tissue with a low oxygen tension, and that this particularly applies to sulphate-containing mucopolysaccharides.59) The fact indicated that peroxides possibly takes part in the mechanism of accumulation of mucopolysaccharides.
Inhibition of oxidative enzymes simulates in its effect the low oxygen tension through the disturbed utilization of oxygen.
For the edematous thickening of intima, the following explanation may be applied.
Peroxide arise from unsaturated fatty acids by autoxidation in intima or infiltrated from plasma into intima.10) And then the peroxides undergo polymerization resulting in edematous thickening of intima. However, peroxides may not act on the three alterations separately in the early stage of arteriosclerosis (fragmentation of elastic membrane, accumulation of mucopolysaccharide and edematous thickening of intima).
Those alterations may be secondary changes following the disorder of energy metabolism in the areas where peroxides are present.
Kayahan60) has claimed that denatured protein in the intima is responsible for an increase in lipid-binding capacity of aorta. Kummerow10) reported that lipohydroperoxide seemed to have a marked effect on the stability of low density or beta-lipoprotein.
The hydroperoxide of methyl-linoleate extensively denatured isolated low density lipoprotein.
Association of the hydroperoxide of methyl linoleate with low density lipoprotein was noted prior to its denaturation.
It may be possible that the lipoprotein in the arterial wall undergo oxidative denaturation or degradation by lipohydroperoxide which could be formed in vivo by autoxidation, thus initiating the deposition of lipids.
On the other hand, Harman61) hypothesized the mechanism of lipid deposition in the intima as follows: From the general character of oxidation involved molecular oxygen and ready oxidation of fats by oxygen,62) it might be expected that some of the lipids in the serum lipoproteins would undergo oxidative polymerization to substances with higher molecular weight. His postulated steps are; 1) oxidative polymerization of constituents of serum lipoproteins, 2) anchoring of the oxidized materials in the arterial wall, and 3) inflammatory reaction induced in the arterial wall by these condensed products.
TRIGGERS OF INITIAL STEP AND ITS PREVENTION
The fragmentation of elastic membrane, the accumulation of mucopolysaccharide and the higher activity of fibroblast are observed in the arterial wall before deposition of lipids. The factors which cause these alterations should be the fundamental cause in developing arteriosclerotic lesions. We postulate that one of the triggering factors is peroxide of lipids. The peroxidelike substances, which are spontaneously developed in tissue and have a tendency to inhibit oxidative phosphorylation, are also factors to trigger the development of arteriosclerotic lesion and aging. Fibroblast produces mucopolysaccharide.
Mucopolysaccharide is increased in the area where oxygen tension is low.59) Why does the fibroblast gain the higher activity in low oxygen tension? Is there any relation between oxygen deficiency or disturbed utilization of oxygen and fibroblast activity?
This remains to be studied in future. But it may be supposed that the low energy production by inhibition of oxidative enzymes, especially the enzymes containing -SH radical causes the stimulation of higher activity of fibrobast. The fibroblastic activity is transient and declines in the course of time. After the accumulation of mucopolysaccharide which fibroblast influences, lipid deposition takes place in that area. It is expected that denaturation of mucopolysaccharide plays a role in the mechanism of lipid deposition.
In a broad sense, the accumulation of lipids is a disorder of management of lipids, which, we suppose, is due to low supply of energy. All vital phenomena need energy. With low supply of energy, organisms change their constituents into stastic elements, which are found in aging and arteriosclerosis. This change may be the adaptation of organisms to the circumstance to maintain their lives. In artery, this adaptation (replacement with fibrous element) inevitably leads the artery to functional insufficiency which is disturbances in circulation.
It is likely that artery contains less antioxidant substances than in other tissue. This, also, remains to be studied in future.
From the medical standpoint it is very important how to inhibit the peroxide activity and how to maintain oxidative phosphorylation for life. The substances needed for the purpose are antioxidants and reducing substances. Tocopherol inhibits peroxidation in vitro and in vivo. It was suggested by Hopkins and Morgan in 1938 that glutathione may function as a reducing agent maintaining certain enzymes in the reduced and active state. Inhibition of oxidative enzymes by peroxides is considered to the result of oxidation of -SH radical. The reducing substances with -SH radical may therefore be the drugs to protect arteries from arteriosclerosis through maintaining oxidative phosphorylation to produce chemical energy.
